Summary Background In tumors carrying BRCA mutations, DNA damage caused by standard cytotoxic chemotherapy can be potentiated by poly [ADP-ribose] polymerase (PARP) inhibitors, leading to increased cell death through synthetic lethality. Individuals carrying mutations in BRCA have an increased incidence of triple negative breast cancer (TNBC). In order to assess the role of PARP inhibition in the treatment of TNBC, we conducted a randomized phase II trial of the combination of veliparib, a small molecule PARP inhibitor, with the cytotoxic agent cyclophosphamide versus cyclophosphamide alone in patients with refractory TNBC. Methods Adult patients with TNBC were randomized to receive oral cyclophosphamide 50 mg once daily with or without oral veliparib at 60 mg daily in 21-day cycles. Patients on the cyclophosphamide arm could crossover to the combination arm at disease progression. Results Forty-five patients were enrolled; 18 received cyclophosphamide alone and 21 received the combination as their initial treatment regimen. Lymphopenia was the most common grade 3/4 toxicity noted in both arms. One patient in the cyclophosphamide alone arm, and 2 in the combination arm had objective responses. Response rates and median progression free survival did not significantly differ between both treatment arms. Conclusion The addition of veliparib to cyclophosphamide, at the dose and schedule evaluated, did not improve the response rate over cyclophosphamide treatment alone in patients with heavily pre-treated triple-negative breast cancer.
Introduction
Lacking significant estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 expression, triple-negative breast cancers (TNBC) are deficient in the major molecular targets for breast cancer against which treatments are available, leaving conventional chemotherapy as the only standard treatment option. TNBC is characterized by aggressive growth, high proliferation rate, and an overall poor prognosis [1] . Patients carrying germline BRCA1 mutations are more likely to develop TNBC [2] , and patients under 50 years of age with TNBC were found to have a >10 % likelihood of carrying a BRCA1 mutation [3] . TNBC, however, is now an entity increasingly recognized as encompassing a spectrum of distinct tumors with highly diverse molecular characteristics including BRCA1 inactivation, a high frequency of TP53 mutations, and widespread genomic instability associated with a basal-like gene expression signature on hierarchical clustering analysis [4, 5] .
BRCA1/2 genes are involved in the homologous recombination pathway of DNA damage repair. The presence of deleterious BRCA mutations confers sensitivity to inhibition of poly [ADP-ribose] polymerase (PARP), an enzyme in the base excision repair pathway-clinical responses have been observed in patients with BRCA mutant ovarian and breast cancers treated with small molecule PARP inhibitors [6, 7] . Olaparib, one such PARP inhibitor, was approved by the US Food and Drug Administration for the treatment of women with advanced BRCA mutant ovarian cancer whose disease has progressed following three or more prior chemotherapy regimens. In preclinical models, co-administration of PARP inhibitors with cytotoxic chemotherapies, including cyclophosphamide, has been shown to increase DNA damage, resulting in improved antitumor effects. Because patients with TNBC have a high probability of carrying DNA repair defects, including BRCA mutations, and we had previously observed clinical benefit from the combination of the PARP inhibitor veliparib with low-dose oral cyclophosphamide in patients with ovarian and breast cancer carrying deleterious BRCA mutations [8] , we set out to evaluate the activity of this combination in patients with TNBC [9] [10] [11] . To characterize the relative contribution of the PARP inhibitor to the activity of the drug combination, we conducted a randomized, multicenter phase II trial of oral cyclophosphamide with and without veliparib in patients with TNBC, and compared the response rates (partial and complete responses, PR + CR). Secondary objectives included measuring PAR levels in peripheral blood mononuclear cells (PBMCs), and levels of phosphorylated histone H2AX (γH2AX), a marker of DNA damage response, in circulating tumor cells (CTCs) [12, 13] .
Patients and methods

Eligibility criteria
Patients 18 or older with metastatic TNBC (documented ER negative, PR negative, and Her2/neu negative from the original pathology report per ASCO/CAP guidelines) [14, 15] whose disease had progressed following at least one line of standard therapy were eligible. An ECOG performance status ≤ 1 and adequate liver, kidney, and marrow function defined as an absolute neutrophil count ≥ 1500/μL, platelets ≥ 100,000/μL, total bilirubin < 1.5 × the upper limit of normal (ULN), aspartate aminotransferase and alanine aminotransferase ≤ 2.5 × ULN, creatinine < 1.5 × ULN were required. Prior exposure to PARP inhibitors or cyclophosphamide was allowed, unless administered previously in combination.
Prior anticancer therapy or surgery must have been completed at least 4 weeks prior to enrollment, and evidence of disease progression by staging scans was required. Patients unable to swallow pills or those with uncontrolled intercurrent illness, women who were pregnant or breastfeeding, and patients with gastrointestinal conditions that might predispose to drug intolerability or poor drug absorption were excluded. Patients with treated brain metastases stable for greater than 4 weeks off steroids were eligible. This trial was conducted under a National Cancer Institute (NCI)-sponsored IND with institutional review board approval at each participating site. Informed consent was obtained by the investigators from each participant, and protocol design and conduct followed all applicable regulations, guidances, and local policies [ClinicalTrials.gov Identifier: NCT01306032].
Trial design
This was an open-label, multicenter, randomized phase II study of the combination of veliparib and oral cyclophosphamide compared to oral cyclophosphamide alone in patients with triple-negative, refractory breast cancer. AbbVie supplied veliparib (ABT-888) to the Division of Cancer Treatment and Diagnosis, NCI, under a Collaborative Research and Development Agreement. Cyclophosphamide was obtained from commercial sources.
Based on the maximum tolerated dose established for the combination in a prior phase I trial, cyclophosphamide was administered orally at 50 mg once daily, along with oral veliparib at 60 mg once daily throughout a 21-day cycle. There were no restrictions on food consumption, and patients maintained study diaries documenting when drugs were taken and any associated side effects. Adverse events were graded according to NCI Common Toxicity Criteria version 4.0. Doses of both drugs were to be reduced for grade 2 nonhematologic and grade 4 hematologic toxicities. Nonhematologic toxicities had to resolve to ≤ Grade 1 (except electrolyte abnormalities, which had to resolve to ≤ Grade 2) and hematologic toxicities to ≤ Grade 2 (except lymphopenia) prior to starting the next cycle. Radiographic evaluation was performed at baseline and every three cycles to assess tumor response based on the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [16] .
Statistics
The trial was randomized and used a phase 2.5 design with a 0.10 alpha level one-sided test to compare clinical responses for the combination therapy to those of single-agent cyclophosphamide [17] . A total of 44 patients in each arm would permit 80 % power to detect a difference between a 10 % response rate for the single-agent arm and 30 % for the combination of the two agents. In addition, median progression free survival (PFS) probabilities were compared between the two arms, using a 0.10 alpha level one-sided test. An early stopping rule was included to end accrual after approximately 44 total patients were enrolled if the response rate on the combination arm was very low.
Correlative studies CTC and PBMC correlative studies were performed only for patients enrolled at the NIH Clinical Center. Blood samples for CTC separation were collected into 7.5 mL CellSave tubes (Veridex) prior to study drug administration (baseline), 24 h after the first dose of drugs, before the first dose on cycle 2, and immediately before each restaging (every 3 cycles); CTC γH2AX levels were determined for each sample as previously described [13] . PBMCs were collected in 8 mL Cell Prep tubes (Becton Dickinson) on cycle 1 day 1 at baseline and at 4 and 24 h after both drugs, on cycle 2 day 1 before dosing and 4 h after both drugs, and just prior to each restaging; PAR levels were measured. PBMC and CTC sampling were repeated after patient crossover.
Results
Demographics
Of the 45 patients who enrolled on this study, 39 were evaluable for tumor response (Table 1 ). All patients who received either drug regimen on study were evaluable for assessment of toxicity. Of the six patients who were not evaluable for response, two chose to withdraw before treatment, two withdrew after beginning treatment, one had disease progression necessitating palliative intervention before beginning treatment, and one patient contracted a grade 3 lung infection and was taken off study before completion of the first cycle. For their initial treatment regimen, 18 of the 39 evaluable patients received cyclophosphamide alone, and 21 received the study drug combination (cyclophosphamide + veliparib); 16 patients from the cyclophosphamide-only arm crossed over to the combination regimen after disease progression. Information regarding BRCA mutation status was collected from patients if previously determined per standard of care guidelines; otherwise, BRCA testing was not performed as part of the study protocol. Seven patients had known deleterious BRCA1/2 mutations (2 in the combination arm and 5 in the cyclophosphamide-only arm), and four were known to be BRCA wild type (3 in the combination arm and 1 in the cyclophosphamide-only arm). Patients were heavily pretreated with a median of 3 lines of prior therapy-including one who had received prior therapy with the PARP inhibitor olaparib.
Toxicity
Study drugs were generally well tolerated ( Table 2) . Lymphopenia was the most common adverse event in both arms. Grade 3 leucopenia, neutropenia, and activated partial thromboplastin time (APTT) prolongation were each reported for one patient (less than 5 %). Grade 3/4 non-hematological toxicities included a thromboembolic event and hyponatremia, both on the combination arm (less than 5 %). A death on study from heart failure occurred in the follow up period off treatment in one patient receiving the combination (Table 2) .
Efficacy
The addition of veliparib to cyclophosphamide did not improve the response rate (CR + PR) over cyclophosphamide treatment alone. One patient in the cyclophosphamide arm and two patients in the combination arm had partial responses. The number of cycles of initial and crossover treatment per patient are shown in Fig. 1 and 2 , respectively. Based on 42 patients who were included in the PFS analysis, there was a statistical trend toward a difference in PFS favoring the combination treatment (P = 0.034; Fig. 3 ). Median PFS was not different between the treatment arms-1.9 and 2.1 months; however, the curves became more separated after the median, accounting for much of the observed difference, with 4 patients surviving to 6 months progression free on the combination arm compared to only 1 patient on the cyclophosphamide-only arm.
Correlative studies PBMC samples collected 4 h following administration of veliparib from 4 patients on the combination arm, and 2 patients who had crossed over to the combination arm showed a 65 to 85 % reduction in PAR levels from baseline (Fig. 4a) . PAR levels in four of these patients had partially rebounded by the 24-h collection time point (Fig. 4b) . A n e m i a 2
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Worst grade for each patient. N = 18 for C alone, 16 for V + C at crossover, and 21 for V + C combination. V veliparib, C cyclophosphamide Five patients had CTC counts high enough to be e v a l u a b l e ( d e f i n e d a s ≥ 6 CTCs), 3 from the cyclophosphamide-only arm and 2 from the combination arm, with counts ranging from 6 to 59 per 7.5 mL whole blood during the course of treatment; total CTC numbers increased for each of these patients over the collection period. No significant increase in the ratio of the γH2AX-positive CTCs over baseline levels was measured in any of the patients (Fig. 5) . 
Discussion
The cytotoxic agent cyclophosphamide causes extensive DNA damage and activates DNA damage response (DDR) elements such as the PARP enzymes and the tumor suppressor genes BRCA1/2. Inhibiting PARP-mediated DDR with small molecule inhibitors is known to confer increased sensitivity to cyclophosphamide [9] [10] [11] . The strategy to improve the efficacy of cytotoxic chemotherapy by co-administration of a PARP inhibitor has been limited by the associated increase in toxicity, necessitating reduction in the doses of the chemotherapeutic agent(s). The combination of veliparib with oral cyclophosphamide was well tolerated in the phase I trial, thus allowing for sustained and chronic low-dose administration of both agents, and subsequent continuous PARP inhibition [8] . This trial was designed to further investigate the combination treatment, and to address whether the addition of the PARP inhibitor veliparib to oral cyclophosphamide would increase the efficacy of a low, well-tolerated oral dose of cyclophosphamide in patients with advanced TNBC.
While we did not observe an increase in the objective response rate (CR + PR) to oral cyclophosphamide with the addition of veliparib as the initial therapy in this trial, there was some indication of increased PFS, as well as an increase in the number of patients with prolonged disease stabilization in the combination group. The treatment regimen described here was also administered to patients with BRCA-mutant ovarian cancer or pretreated primary peritoneal, fallopian tube, or high-grade serous ovarian cancers (HGSOC) on a separate cohort of this clinical trial. Although there were clinical responses in these patients, similarly there was no statistically significant difference in the response rate between the combination and cyclophosphamide-only arms [18] .
The limited instances of patient response in this study may be explained in part by the low dosage of veliparib (60 mg daily) administered. Although this dose was determined to be the MTD in the phase I trial of this combination and shown to inhibit tumor levels of PAR [8] , additional studies have suggested that higher doses of veliparib are more clinically active either alone or in combination with different cytotoxic backbone therapies. There has been a wide range of doses tested clinically to date for this agent, with the recommended phase II dose of single agent veliparib being established at 400 mg twice daily, and 150 mg twice daily in combination with standard chemotherapy in TNBC [19, 20] . Additionally, the presence of deleterious BRCA mutations in a tumor increases sensitivity to PARP inhibitors; however, in this study most patients had not been tested for BRCA mutations. Furthermore, most study participants had undergone multiple therapies previously, including one who had received another PARP inhibitor, olaparib. Therefore the possibility that the low response rate observed here is due to resistance acquired through prior exposure to anticancer treatments cannot be excluded.
Pharmacodynamic biomarker assessment in the phase I trial of this combination had noted a significant decrease in PAR levels in both PBMCs and paired pre-and post-dose tumor biopsies across all tested dose levels [8] . In the present study, PAR levels also strongly decreased in PBMCs at the assayed once daily combination dose; however PAR levels had partially recovered at the 24 h time point, potentially due to the known short half-life of veliparib. Although this is expected to contribute to intermittent reversal of PARP inhibition, the ideal duration and intensity of inhibition in PARP-mediated DDR is unclear, and may not necessarily correlate with the lack of clinical efficacy noted for this combination. The present study did not show notable increases in γH2AX-positive CTCs, but the small sample number and low CTC yield obtained in patient blood samples were limiting. Additionally, the relatively low dose of metronomic cyclophosphamide may not have been sufficient to trigger an increase in γH2AX levels.
PARP and its enzymatic product PAR are postulated to play a role in DDR regulation at multiple stages; PARylation has been implicated in DNA repair, chromatin modulation, and mitosis [21] . The best reported clinical efficacy of PARP inhibitors has been in tumors with BRCA deficiency, through synthetic lethality; however, other homologous recombination pathway defects (including defects in DNA damage sensors such as ATM, ATR, CHK1/2, or RAD51) confer sensitivity to PARP inhibition preclinically, and this effect may partially explain why a subset of non-BRCA mutated patients show sensitivity to PARP inhibitors [22] . In addition, the known complexity of the DNA repair mechanisms also makes it unlikely that a single biomarker panel can completely predict individual responsiveness to PARP inhibition; other factors such as epigenetic mechanisms, platinum susceptibility, or drug efflux proteins may contribute to PARP inhibitor resistance [23] . The interest in exploring the importance of these different pathways in contributing to clinical benefit from PARP inhibition is evident from ongoing trials. Approaches such as whole exome and transcriptome analysis, planned for the veliparib and irinotecan combination trial in BRCA mutated and non-mutated TNBC, may help define a biomarker signature of response to veliparib and PARP inhibitors in general [24] ; trials such as the phase I/II of veliparib in combination with carboplatin and etoposide in treatment-naïve extensive stage small cell lung cancer (NCT02289690), or the phase II trial of veliparib in combination with carboplatin and paclitaxel in squamous cell lung cancer (NCT02106546) will also clarify the role of platinumsensitivity as a surrogate marker for PARP responsiveness in non-gynaecological malignancies.
Recently, immune modulation of the tumor microenvironment through checkpoint inhibitor blockade has reported clinical benefits in TNBC [18, 25] . The presence of tumor infiltrating lymphocytes (TILs) [26] , as well as the amount of TILs found in the resected surgical specimens post neoadjuvant therapy [27] , has been reported to correlate with prognosis in this disease. It is postulated that the high mutational load, functioning as tumor-associated antigens, is implicated in the mechanism of response to checkpoint blockage [28] . These findings would suggest the possibility of new synergistic therapeutic partners, such as PARP inhibitors combined with immune checkpoint blockade agents, particularly for TNBC.
In this trial, we were able to administer the combination of PARP inhibitor with cytotoxic chemotherapy without significant toxicity, and similar approaches continue to be actively tested in TNBC as well as a variety of other tumor types [29] . Nevertheless, careful consideration will be needed for future trial designs involving veliparib, as well as other PARP inhibitors, to better clarify outstanding questions such as the ideal sequencing of these agents in relation to conventional chemotherapy, (whether platinum-based or not), dosing, their role as maintenance therapy, and the efficacy of one inhibitor versus another. Various ongoing trials will further inform these questions, and will maximize the therapeutic benefit from these agents.
